The occurrence probability of the record-breaking Yangtze River Delta heatwave in summer 2017 might be attributed to global warming (23%), the abnormal western Pacific subtropical high (32%), and the urban heat island effect (58%).
INTRODUCTION.
During 11 to 28 July 2017, the Yangtze River Delta experienced a record-breaking heatwave. In particular, the Xujiahui weather station in Shanghai endured the worst heatwave in at least 145 years, with a new record of 40.9°C on 21 July 2017. The extreme heatwave left four people dead and many elderly people and children suffering from heatstroke.
Generally, the western Pacific subtropical high (WPSH) is regarded as the key anticyclone system for the occurrence of extreme heatwave events in eastern China (Yang and Li 2005; Ding et al. 2010; Wang et al. 2014; Luo and Lau 2017; Wang et al. 2016; Li and Sun 2018) . The WPSH variability is modulated by tropical forcing from sea surface temperature anomalies over the equatorial Pacific Ocean (e.g., ENSO) (Tao and Xu 1962; Wang et al. 2000; He et al. 2015a; Chen and Zhou 2017) and over the tropical Indian Ocean (Yang et al. 2007; Du et al. 2009; Xie et al. 2009 ). During the decaying El Niño, the lasting warming over the tropical Indian Ocean can trigger an anomalous WPSH by exciting Kelvin waves eastward (Wu et al. 2009; Wu et al. 2010) , resulting in a westward extension of the WPSH (Huang and Wu 1989; Zhou et al. 2009 ). The west-extending WPSH induces an anomalous southwesterly flow to transport more moisture to the northern regions and then dry the atmosphere over the Yangtze River Delta (Chen and Lu 2015) . This process results in decreased rainfall and increased surface incident solar radiance (Hu et al. 2012 (Hu et al. , 2013 Liu et al. 2015; Chen et al. 2016; Freychet et al. 2017) , which introduce extreme heatwaves in the Yangtze River Delta, such as the one in 2013 (Li et al. 2015) .
Other known factors that increase the risk of heatwaves over the Yangtze River Delta include anthropogenic global warming (Yang and Li 2005; Sun et al. 2014; Zhou et al. 2014) , which meanwhile influences the variations of the WPSH by tropical oceanic warming (Zhou et al. 2009; He and Zhou 2015; He et al. 2015b) , and the urban heat island effect due to local urbanization around the weather stations, which can exacerbate the heatwave by enhancing sensible heat flux and longwave radiation from the surface during the daytime (Tan et al. 2008; Sun et al. 2016; .
Using the heatwave magnitude index (HWMI) and July-August mean temperature to quantify the 2017 heatwave, this study therefore tries to answer two questions: 1) How extreme is the heatwave over the Yangtze River Delta in a historical context? 2) What are the relative impacts of the WPSH, global warming, and the urban heat island on the heatwave?
DATA AND METHODS.
Daily maximum air temperature (T max ) from 1961 to 2017 at ~2400 meteorological stations (Fig. 1 ) are collected (available at http://data.cma.cn/). Data from 1873 to 2017 at the Xujiahui station are used to depict century-long temperature change (Tan et al. 2008) . Following Russo et al. (2014) , this study defines the HWMI by considering the duration and intensity of a heatwave, that is, the maximum magnitude of the heatwaves in summer (June-September), where a heatwave has at least three consecutive days with T max exceeding the 90th percentile (centered on a 30-day window) for the reference period of 1971-2000 (Fischer and Schär 2010) . We find that 80% of the maximum heatwaves happen in July and August (see | 2.5° × 2.5° 500-hPa geopotential height of the NOAA-CIRES Twentieth Century Reanalysis from 1873 to 2014 (Compo et al. 2011 ) and extended to 2017 by that of National Centers for Environmental Prediction Reanalysis (NCEP-R1) (Kalnay et al. 1996; Zhou et al. 2018a) . We define the years with a WRPP index smaller (larger) than the climatological value (e.g., 137.5°E in reanalysis) as strong (weak) WPSH years. Note that the WRPP index has a near-linear relationship with the area index of the WPSH (Fig. ES1) . The WRPP index can be also estimated by use of CMIP5 experiments (Zhou and Li 2002; Dong et al. 2017) . After evaluations of the all-forcings (ALL) simulations in CMIP5 archive (Taylor et al. 2012) , 19 simulations in seven models (Table ES1 and Fig. ES2 ) with T max extended through 2017 (Sun et al. 2014 ) and having corresponding natural-forcings-only simulations (NAT) ending in 2012 are selected to estimate the influence of anthropogenic global warming. These detailed procedures can be found in the online supplemental information.
For consistency with the observational analysis, the model data are area-averaged over the study region (117°-123°E, 29°-35°N) (Fig. 1a) . We apply several statistical techniques to assess the heatwave over the Yangtze River Delta:
determine how well the distributions of the simulated temperature anomalies match the observed distribution. 2) Generalized extreme value (GEV) (Schaller et al. 2016 ) and scaled GEV (van der Wiel et al. 2017; Zhou et al. 2018b) distributions are determined to fit the observed and modeled HWMI and JulyAugust temperature (see the online supplemental information). 3) The probability ratio (PR = P urban /P rural ) is calculated to quantify urban heat island effect in the odds of extreme heat. The terms P urban and P rural represent the probabilities exceeding a threshold of the 2017 extreme event in two different observation scenarios (i.e., urban and rural regions). After excluding the urban heat island effect, the fraction of attributable risk (FAR = 1 − P NAT /P ALL or 1 − P weak-WPSH /P strongWPSH ) method (Stone and Allen 2005 ) is used to separate the influences of global warming and the WPSH through several combinations of simulation scenarios even though it is difficult to accurately quantify their influences. We estimate the influence of global warming by setting P ALL to be the probability exceeding the 2017 extreme event under the strong WPSH in ALL simulations, with P NAT being the equivalent for the NAT simulations. Accordingly, we compare the probabilities of the 2017 extreme event under strong and weak WPSHs (i.e., P strongWPSH and P weakWPSH ) in ALL simulations for estimating the WPSH inf luence. The 95% confidence intervals (CI) are estimated with a 1000-member bootstrap (with replacement). Figure  1a illustrates the spatial pattern of the 2017 extreme heatwave over the Yangtze River Delta. The recordbreaking heatwave in 2017 mainly occurred in the Shanghai metropolitan area (in squares of Fig. 1a) , particularly with up to 4.84 HWMI in Xujiahui station and 4.77 HWMI in the urban region (Fig.  1b) . The Xujiahui station is located downtown in a built-up area with high population density (Fig. 1a) , which in turn leads to higher temperatures recorded than at other stations that are located at the edge of the urban region. A GEV fit of the observed HWMI denotes that the 2017 extreme heat is a 1-in-53-yr event for in the urban region and 1-in-104-yr event for Xujiahui station (Fig. 1e) . However, the HWMI in the rural region was not the maximum in 2017 (a 1-in-28-yr event; Fig. 1e ), but it was in 2013 (Fig. 1b) .
RESULTS. Influence of the urban heat island.
Temperature differences between urban and rural stations are suggested to reflect urbanizationinduced warming (Sun et al. 2016 ). Urbanizationinduced warming of the HWMI is 0.30°C decade −1 (significance level p = 0.00, accounting for 70% of the HWMI warming trend) at Xujiahui station and 0.11°C decade −1 (p = 0.00; 48%) in the urban region (Fig. 1b) . For 2017, the values are 38% and 36%, respectively (Fig. 1b) .
July-August temperature in 2017 is a 1-in-70-yr event in Xujiahui station and a 1-in-15-yr event for the urban region, which is not extreme in a historical context (Figs. 1b,e) . Urbanization-induced July-August temperature warming is 0.35°C decade −1 (p = 0.00; 84%) at Xujiahui station and 0.05°C decade −1 (p = 0.00; 64%) in the urban region (Fig. 1b) . For 2017, the values are 83% and 2% (calculated as the percentage of urbanization-induced temperature anomaly to temperature anomaly in 2017), respectively (Fig. 1b) . More (less) partitioning of surface incident solar radiation into sensible (latent) heat flux induced by impervious surfaces in the urban region can largely explain the urbanization-induced warming in summer over the Yangtze River Delta (Wang and Dickinson 2013; Zhou and Wang 2016; K. Wang et al. 2017) .
In addition, from the view of event occurrence probability, the urban heat island increases the likelihood of the 2017 extreme heat over the Yangtze River Delta by 2.5 times [(95% CI: 1.9-4.1) for the HWMI; cf. 3.0 times (95% CI: 2.4-4.0) for July-August temperature] (Figs. 1e and 2c) . In other words, 58% [(95% CI: 47%-76%) for the HWMI; cf. 67% (95% CI: 58%-75%) for July-August temperature] of the attributable risk of the heatwave is caused by the urban heat island.
Influence of the WPSH. The HWMI and July-August temperature anomalies show evident decadal variations (Fig. 1b) , which are revealed to correlate with the WPSH (r = −0.39 and −0.26, p < 0.01, respectively) (Fig. 1d) . The 588 dagpm (1 dagpm = 10 geopotential meters) of WPSH was located at ~25°N in early July (1-10 July 2017), and moved northward as well as extended westward to the Yangtze River Delta in middle to late July (11-28 July 2017), bringing the anomalous anticyclone over this region and favoring local heating by increasing surface incident solar radiation (Fig. 1c) . After the heatwave, the WPSH retreated to ~27°N in August (Fig. 1c) .
Compared with the likelihood of the HWMI between strong and weak WPSH in the ALL simulations, 
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DECEMBER 2018 | we find 32% [(95% CI: 31%-35%) for the HWMI; cf. 30% (95% CI: 22%-33%) for July-August temperature] of the attributable risk of the 2017 extreme heatwave is attributed to the WPSH. In NAT simulations, the FAR is slightly smaller, 28% [95% CI: 20%-31% for the HWMI; cf. 26% (95% CI: 23%-94%) for JulyAugust temperature] (Fig. 2) .
Influence of anthropogenic global warming. The HWMI and July-August temperature anomalies have significantly positive correlations with July-August global mean air temperature (r = 0.50 and 0.21, p < 0.01, respectively) (Fig. 1d) , implying the footprint of global warming on the 2017 extreme heat.
To assess the influence of global warming, we compare the changes in the likelihood of the HWMI from the ALL and NAT runs (Fig. 2a) . Given the strong WPSH, 23% [95% CI: 21%-28% for the HWMI; cf. 27% (95% CI: 25%-32%) for July-August temperature] of the attributable risk of such events as the 2017 extreme heatwave is attributed to global warming (Fig. 2) . Given the weak WPSH, the FAR is slightly smaller (i.e., 18%) [95% CI: 11%-24% for the HWMI; cf. 24% (95% CI: 21%-92%) for July-August temperature, calculated from the return periods of approximately 15 and 20 years in ALL and NAT runs] (Fig. 2) .
CONCLUSIONS AND DISCUSSION.
Our analysis based on the HWMI indicates that the recordbreaking heatwave event of 2017 is a 1-in-104-yr event at the Xujiahui station and a 1-in-58-yr event over the Yangtze River Delta. CMIP5-based FAR analyses suggest that approximately 23% (95% CI: 21%-28%) of the risk of such events might be attributed to global warming and 32% (95% CI: 31%-35%) of the risk might be due to the WPSH. The urban heat island over the metropolis increases the likelihood of such events by 2.5 times and contributes 36% of severity of the 2017 extreme heatwave over the Yangtze River Delta. In a word, the westward extension of the WPSH likely leads to the formation of the extreme heatwave, and global warming as well as the urban heat island would further increase the severity of the heatwave. Zhou et al. (2014) pointed out but did not disentangle the role of global warming and internal climate variability in the 2013 extreme heat over middle and lower reaches of the Yangtze River. Zhou et al. (2014) reported 58% of attributable risk to global warming, which is near the sum (27% + 30% = 57%) of attributable risk to global warming and the WPSH in the 2017 extreme heat over the Yangtze River Delta.
We find that the FAR of such events over the Yangtze River Delta to the WPSH is relatively higher than that to global warming. In a strong WPSH (often leading to the extreme heat), global warming will have a slightly larger role in increasing the likelihood of such events as the 2017 extreme heat than that in a weak WPSH. In ALL simulations (often leading to the extreme heat), the role of the WPSH is also slightly higher than that in NAT runs. These results above further imply that both global warming and the WPSH will increase the likelihood of such events as the 2017 extreme heat over the Yangtze River Delta.
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